with one of these, 4B12, are presented here. By immunoblotting, this antibody recognizes the antigen when overexpressed in yeast and detects a single species in mouse protein extracts at the molecular weight expected of mBub1 (not shown). Hybridoma tissue culture supernatant was used to localize mBub1 in dividing mouse fibroblasts (Figure 2 ). Interphase and mitotic kinetochores were labeled with autoantibodies from sera of patients with the CREST syndrome of scleroderma (Moroi et al., 1980) . In interphase cells, 4B12 staining was variable (not shown). When detectable, staining was observed diffusely throughout the nucleus, excluded from the nucleoli, and often concentrated in heterogeneous foci that did not appear to colocalize with CREST antigens. Paired foci of CREST staining were usually visible in interphase cells that stained with 4B12, suggesting that these cells were in late S phase or G2. During prophase, as judged by chromatin condensation, 4B12 staining appeared as pairs of foci that localized with CREST antigens (Figure 2A ). Some diffuse nuclear staining was also present. In cells bearing a prometaphase rosette of chromosomes ( Figure 2B ), virtually all the 4B12 staining colocalized with CREST antigens. At metaphase, the CREST antigens were clearly associated with the chromatin along the metaphase plate ( Figure  2C ), while 4B12 appeared dispersed throughout the cell. During anaphase, 4B12 staining remained dispersed 
Domain Analysis of mBub1
To determine which domain of mBub1 was responsible Bub1 (ScBub1) (Roberts et al., 1994) . We isolated a corfor kinetochore localization, we assayed various deleresponding full-length murine cDNA with a 3174 bp open tion mutants ( Figure 3A ) by transient transfection of BHK reading frame that encodes a 1058 amino acid polypepcells. Full-length mBub1 localized to the kinetochore tide with a predicted molecular mass of 119.5 kDa. This during prophase ( Figure 3B ). In contrast to endogenous protein, mBub1, has two domains homologous to protein, however, ectopically expressed mBub1 was ScBub1 (Figure 1 ). The 125 amino acid N-terminal dopredominantly cytoplasmic during interphase (Figure main shares 24% identity and 51% similarity with the N 3C). This difference may reflect inappropriate cell cycle terminus of ScBub1 ( Figures 1A and 1B) , while a 282 expression or saturation of a nuclear import mechanism. amino acid region at the C terminus shares 30% identity When the three major subdomains of mBub1 were asand 60% similarity (Figures 1A and 1C) with the yeast sayed, only the N-terminal 331 amino acids localized to protein. This C-terminal region corresponds to the kithe kinetochore during prophase ( Figure 3D ). The central nase domain of ScBub1 and is similar to the catalytic domain (amino acids 332-731) was diffusely distributed domains of other protein kinases (Hanks and Hunter, throughout the cell during both interphase and mitosis. 1995; Figure 1C ). The central domain shows no signifiThe C-terminal kinase domain (amino acids 773-1001) cant homology to ScBub1 or other proteins on the NCBI also lacked kinetochore targeting ability. From this database.
analysis, we concluded that a region in the N-terminal domain of mBub1 is sufficient for localization to the mBub1 Localizes to the Kinetochore during kinetochore. the Early Stages of Mitosis To determine the subcellular localization of mBub1, we Expression of Mutant mBub1 Compromises generated monoclonal antibodies against a portion of Mitotic Arrest the protein (amino acids 332-731). Monoclonal antibodWe reasoned that if mBub1 were required for mitotic ies from two independent hybridomas were charactercheckpoint function, expression of a domain that localized to the kinetochore, but lacked other domains, might ized in detail and yielded identical results. Data obtained Epitope-tagged mBub1 and deletion mutants were assayed for kinetochore localization upon expression in BHK cells by immunofluorescence with the 9E10 monoclonal anti-myc antibody (left panels). Kinetochores were identified with a CREST antiserum (middle panels), and the DNA was visualized by staining with Hoechst (right panels). expression of N-mBub1 was detected ( Figure 4A , Tet ϩ ). To assay the ability of N-mBub1 to suppress the mitotic checkpoint, cells from the H261 and the parental in mitosis (34% in 18 hours) was reduced compared to both Tet ϩ H261 cells (47% in 18 hours) and to the parental cell line (59% and 57% in the presence and absence of tetracycline, respectively, in 18 hours) ( Figure 4B ). In addition, the Tet Ϫ H261 population accumulated cells with DNA contents greater than 4N at a faster rate than the control cell populations ( Figure 4C ), indicative of cell cycle progression. The most likely explanation for these results is that cells expressing the N terminus of mBub1 fail to maintain mitotic arrest in response to spindle damage, and continue cell cycle progression, despite the absence of chromosome segregation and cytokinesis. The reduced rate of accumulation of mitotic cells in the Tet ϩ H261 population relative to the parental cell line is probably due to low levels of expression of N-mBub1 in the presence of tetracycline. Indeed, line H533, which appears to express less N-mBub1 in the presence of tetracycline, accumulates mitotic cells at a rate (53% in 18 hours, data not shown) more typical of the parental cell line.
Cells Expressing Dominant-Negative mBub1 Escape Cell Death
To examine the apparent suppression of the mitotic checkpoint by N-mBub1 in more detail, H261 cells were first synchronized at the G1/S boundary using a double thymidine block in the presence (Tet ϩ ) and absence (Tet Ϫ ) of tetracycline. Following release from G1/S, nocodazole was added to prevent spindle assembly. Cells harvested at various time points were analyzed by flow cytometry to determine the mitotic index and DNA content. For the first 12 hours after release from G1/S, both populations (Tet ϩ and Tet Ϫ ) progressed through S phase in this population accumulated DNA contents greater than 4N ( Figure 5A , Tet Ϫ ), indicating continued cell cycle progression. By 42 hours, the majority of these cells had line (tTA-HeLa) were grown in the presence (Tet ϩ ) or completed S phase, producing a large population of absence (Tet Ϫ ) of tetracycline for 48 hours prior to spincells with an 8N DNA content. In addition, these cells dle disruption with nocodazole. Cells were then harentered a second mitosis ( Figure 5B ). vested every six hours, fixed, stained with the MPM-2
To clarify the different fates of the cells cultured with monoclonal antibody (Davis et al., 1983) and propidium or without tetracycline, the DNA histograms, nuclear iodide to determine the mitotic index and DNA content, integrity, and cell morphology of cells harvested at 42 respectively, and analyzed by flow cytometry. The mihours were compared. Of the cells in the Tet ϩ populatotic index of all populations increased with time in nocotion, 49% had DNA contents below 4N, while only 30% dazole, indicating a mitotic arrest ( Figure 4B ). As obhad DNA contents greater than 4N ( Figure 5C ). The maserved with other cell lines, this arrest is only transient jority of cells contained highly condensed, fragmented (Kung et al., 1990; Andreassen and Margolis, 1994 ; Minn chromatin and showed significant membrane blebbing et al., 1996), and after 18 hours, cells began to exit (Figures 5D and 5E) , indicative of apoptosis. These obmitosis, despite the continued presence of nocodazole.
servations are consistent with previous studies of certain cell lines, which undergo apoptosis following exit However, the rate at which Tet Ϫ H261 cells accumulated from mitosis in the presence of nocodazole (Minn et al., contents greater than 4N ( Figure 5C ). Moreover, these cells were large and multinucleated, consistent with an 1996). In contrast, only 16% of the cells in the Tet Ϫ population appeared apoptotic, whereas 73% had DNA 8N DNA content and having left mitosis without completing chromosome segregation ( Figures 5D and 5E ).
mBub1 Regulates Timing of a Normal Mitosis
To determine if expression of N-mBub1 affected progression through a normal mitosis, H261 cells were synchronized at the G1/S boundary in the presence and absence of tetracycline and analyzed for progression through mitosis in the absence of microtubule inhibitors. Both the Tet ϩ and Tet Ϫ populations progressed through S phase and into G2/M with similar kinetics ( Figure 6A ). Eighteen hours after release from G1/S, the vast majority of cells in both populations had returned to G1, suggesting that expression of N-mBub1 did not adversely affect chromosome segregation. However, at the 12 hour time point, more cells in the Tet Ϫ population had returned to G1 relative to the Tet ϩ population ( Figure  6A ). Because the Tet ϩ and Tet Ϫ cells enter mitosis at the same time ( Figure 5B ), this difference must be due to an accelerated exit from mitosis by cells in the Tet Ϫ population. To further quantitate this observation, the experiment was repeated taking time points every hour. The difference between the times taken for half of the cells to return to G1 was then estimated ( Figure 6B ). Based on four such experiments, this analysis indicates that the Tet Ϫ cells returned to G1 approximately 25 minutes sooner than the cells in the Tet ϩ population.
Discussion
We have shown that murine Bub1 localizes to the kinetochore and is not only essential for cell cycle arrest following spindle damage in mammalian cells, but also determines the time allowed chromosomes to align on a normal spindle. In addition, we have found that the same cell line can exhibit radically different responses upon exit from mitosis in the absence of a spindle: cells that breach an activated mitotic checkpoint undergo apoptosis, while those that pass through a suppressed checkpoint advance into additional cell cycles. These observations suggest that the apoptotic response is not to polyploidy or aberrant chromosome segregation, as these exist in both cases, but rather to functional links that Bub1 responds directly to a spindle event. Experiments to address how Bub1 kinase activity and localization are regulated will undoubtedly shed light on the mechanisms of tension transduction at the kinetochore.
mBub1 Regulates Normal Mitotic Timing
A fundamental question concerning all checkpoints is whether they function during every cell cycle or only during abnormal situations, such as DNA damage or loss of spindle integrity. We addressed this question by conditional expression of a dominant-negative mBub1, which did not effect progression through S phase, G2, or entry into mitosis. Moreover, it did not prevent chromosome segregation in the absence of nocodazole, although it did compromise the ability of cells to maintain arrest in response to spindle damage. However, in the presence of a functional spindle, cells expressing dominant-negative mBub1 left mitosis approximately 25 minutes before control cells (Figure 6 ), indicating that Bub1 regulates progression through a normal mitosis. Despite this accelerated mitosis, the DNA profiles of the resulting G1 populations were apparently normal, suggesting that the chromosomes still aligned prior to anaphase. To cross-react very poorly with human or hamster Bub1.) This lowers the maximum strength of the mitotic checkpoint signal toward a threshold, below which the anathe onset of anaphase (Campbell and Gorbsky, 1995; phase-promoting complex (APC) is activated (King et and Nicklas, 1995; Nicklas et al., 1995; Nicklas, 1997 Irniger et al., 1995; Sudakin et al., 1995;  TugenBub1 has several of the properties expected of this dreich et al., 1995; Minshull et al., 1996 ; Zachariae and hypothetical sensor. First, catalytically inactive alleles Nasmyth, 1996) and exit from mitosis is initiated by of yeast BUB1 fail to complement BUB1 deletion strains, cyclin degradation. This model also draws upon data indicating that Bub1 kinase activity is essential for from an analysis of mitotic PtK 1 cells, which revealed checkpoint function (Roberts et al., 1994) . Second, the mean time from nuclear envelope breakdown (NEB) mBub1 associates with kinetochores of unaligned chroto anaphase to be approximately 50 minutes (Rieder et mosomes, and this localization is required for checkal., 1994) . The prometaphase time window, during which point function. Interestingly, kinetochore localization of chromosome alignment took place, was 27 minutes. In mBub1, like both XMad2 and the 3F3 epitope (Gorbsky addition, this analysis revealed a 23 minute delay beand Ricketts, 1993; Nicklas et al., 1995; Chen et al., tween alignment of the last chromosome and anaphase 1996), appears to be controlled by local events at the onset ( Figure 7A ). During prometaphase, the strength kinetochore ( Figure 2F ). It is possible that upon correct of the Bub1 checkpoint signal probably decreases as attachment, the conformation of the kinetochore is alkinetochores attach to the spindle until, upon alignment tered such that Bub1 dissociates, thus relieving the of the last chromosome, it falls below the threshold checkpoint. Alternatively, attachment could first suprequired to prevent anaphase ( Figure 7B, Ϫnocodazole) . press Bub1 kinase activity to rapidly alleviate the checkBecause the dominant-negative mBub1 lowers the point. Subsequent dissociation of Bub1 may then recheckpoint signal toward this threshold, the prometaduce the chance of reactivating the checkpoint during phase time window is reduced and, hence, exit from chromosome movements that follow correct alignment mitosis is accelerated by about 25 minutes (Figures 7A . Whether Bub1 is responding diand 7B). However, the 23 minute delay prior to anaphase rectly to a spindle event, such as tension or microtubule is probably still sufficient for most chromosomes to align attachment, or is downstream of another kinase that ( Figures 7A and 7B) . Over several generations, howsenses spindle events, is not known. While genetic studever, a reduced Bub1-dependent prometaphase period ies in yeast indicate that the checkpoint signaling pathwould probably increase the frequency of chromosome way is complex (Elledge, 1996; Hardwick et al., 1996) , missegregation events. Indeed, vegetative growth of they indicate that Bub1 is at or near the top of this yeast Bub1 mutants is slow, suggesting an accumulation of defects in the absence of this checkpoint (Hoyt transduction cascade, consistent with the possibility the initial signal, and hence exit from mitosis occurs sooner. Exit from mitosis in this manner produces cells that are then competent to enter additional cell cycles ( Figure 5 ; Kung et al., 1990; Andreassen and Margolis, 1994) . However, exit from mitosis with a damaged spindle can lead to apoptosis ( Figure 5 ; Minn et al., 1996) , which may provide a solution to the potential risk of aneuploidy. The molecular mechanisms that activate apoptosis in response to aberrant mitosis are not known. It has been suggested that cells may monitor some structural feature, such as aneuploidy , DNA damage, topological abnormalities, unsegregated chromatids, or the presence of multiple centrosomes (Minn et al., 1996) . However, the data presented here argue against the notion that apoptosis is induced by a structural aspect of an aberrant mitosis. Our analysis of cells that leave mitosis with a damaged spindle indicates that their subsequent fate depends on the status of the mitotic checkpoint: exit from mitosis with a functional checkpoint resulted in cell death, whereas exit from mitosis with a compromised checkpoint resulted in cell cycle progression ( Figure 5 ). (Minshull et al., 1996; clear" signal is given and, after a fixed time (darkly shaded box), the cell enters anaphase. When the checkpoint is compromised, and Burke, 1996) . This novel exit pathway may play a the time window closes soon after entry into mitosis, prematurely role in adaptation to prolonged mitotic arrest in yeast giving the all clear signal. The time delay before anaphase onset is (Minshull et al., 1996; . It is The model also helps to explain the different cell fates 5% NCTC, 1% NEAA, 1% glutamine, 1% pen/strep, and 1x HAT.
following exit from mitosis with a damaged spindle. In Poorly growing hybridomas were grown on gamma-irradiated 3T3 the absence of a spindle, kinetochores are unattached, mouse fibroblast feeder layers. All tissue culture reagents were from and hence the strength of the Bub1 checkpoint signal GIBCO BRL unless otherwise stated. is initially at a maximum ( Figure 7B, ϩnocodazole) . However, over time, the signal probably decays, eventually
DNA Manipulations
falling below the threshold, resulting in exit from mitosis.
A partial mouse cDNA sequence (A005, GenBank accession number L26607; Kerr et al., 1994) encoding an open reading frame with Expression of the dominant-negative mBub1 reduces homology to ScBub1 was identified from a search of the NCBI times indicated, cells were harvested and analyzed as described below. To generate synchronized populations, H261 cells were first dbEST using the BLAST algorithm (Altschul et al., 1990) . Two oligonucleotide primers (A005.1, 5Ј ATC ATT CAT GGA GAC ATT AAG arrested at the G1/S boundary by a double thymidine block. At various time points after release, cells were harvested and analyzed. CCA GAT 3Ј; and A005.2, 5Ј CAT TAG TTA GAC CAT CAA GGT ACC GAA 3Ј) were used to PCR amplify a corresponding 224 bp fragment Where indicated, nocodazole was added to a final concentration of 0.2 g/ml. For flow cytometric analysis, loosely attached cells were from a mouse teratocarcinoma cDNA library (Stratagene). This fragment was radiolabeled and used to probe phage from the same first collected and then pooled with attached cells removed by trypsinization. Following fixation in 70% ethanol, the cells were washed cDNA library (Sambrook et al., 1989) . cDNA inserts from positive phage were subcloned into pBS SKϪ (Stratagene) and sequenced in PBS and then incubated with the MPM-2 monoclonal antibody on both strands.
(Davis et al., 1983) diluted 1:750 in PTB (1ϫ PBS, 0.05% Tween-20, 5% BSA) for 1 hour at 4ЊC. The cells were then washed twice for 5 Mammalian Expression Constructs minutes in PBS and incubated with FITC DaM diluted 1:100 in PTB The mammalian expression vectors used for transient transfections for 1 hour at 4ЊC. Following two 5 minute washes in PBS, the cells were based on pcDNA-3 (Invitrogen) modified to include the 5Ј unwere stained with propidium iodide (40 g/ml final concentration) translated sequence from the human lamin A cDNA and N-terminal and treated with RNase A (50 g/ml) for 30 minutes at room temperaMyc or Myc-GFP epitope tags (Shibasaki et al., 1996) . The conture. Samples of 10,000 cells were then analyzed on a Becton Dickinstructs shown in Figure 3 were generated by either direct subcloning son FACScan and data presented using the LYSYS II software. of phage inserts or PCR amplification using Pfu polymerase (Stratagene). To generate the tetracycline-responsive expression con
